The effects of growth conditions on the size and density of self-assembled InAlAs/AlGaAs quantum dots (QDs) grown on GaAs by molecular beam epitaxy (MBE) were studied, with an emphasis on their use for single QD spectroscopy. The effects of substrate temperature and growth rate on the density and size were found to be quite similar to those of InAs QDs on GaAs.
Introduction
Of late, spintronics applications of semiconductor quantum dots (QDs) have attracted considerable attention. We have been studying spintronics [1] [2] [3] [4] [5] [6] [7] [8] of single InAlAs/AlGaAs QDs for quantum information processing such as quantum computing and quantum media conversion [9] .
Low-density QDs are preferred for single dot spectroscopy, and several studies have been conducted on self-assembled InGaAs or InAs QDs, which have a low density of 1  10 9 cm -2 [10, 11] . InAlAs QDs are at a disadvantage in this respect, since their density tends to be high.
The high density could probably be due to the short surface diffusion of Al because of its high bonding energy with As. The advantage of InAlAs QDs, however, is that they can have a luminescence of 0.75 μm at which the sensitivity of a Si CCD is maximum. With the help of current nanofabrication technologies, a dot density of 1  10 10 cm -2 can be achieved, which is acceptable if we can restrict the measurement area to the sub-micrometer range (300~500 nm)
by mesa etching or masking. Then, ten dots in the area can be selected for spectroscopy, where an individual peak corresponds to a single dot.
In this study, we examined the effects of growth conditions on the size and density of self-assembled InAlAs QDs grown on AlGaAs by molecular beam epitaxy (MBE). We compared the effects with those for InAs QDs. We obtained QDs with a density of 1  10 10 cm -2 and a luminescence of around 0.75 µm for an optimized condition. Figure 1 shows the structure grown by MBE on semi-insulating GaAs (001) substrates. The
Experiments
In 0.7 Al 0.3 As QDs were grown on a layer of Al 0.35 Ga 0.65 As. The QDs were grown with an As 4 pressure of 6 × 10 -6 Torr and a temperature of T s . After the growth, the substrate was held for 1 min at T s before the overgrowth of the second Al 0.35 Ga 0.65 As layer. The InAlAs QDs were grown again for observation by atomic force microscopy (AFM). Figure 2 shows the effects of substrate temperature and growth rate on the density and the diameter of QDs for a fixed "relative" coverage of θ/θ 3D = 1.3. Here, θ is the coverage determined by the growth rate and the growth time, and θ 3D is the coverage at 2D-3D transition, which is defined by the transition of the reflection high-energy electron diffraction (RHEED) pattern from streaky to spotty. As the substrate temperature increases, the diameter increases and the density decreases. Also, as the growth rate decreases, the diameter increases and the density decreases. This tendency is the same as that observed for InAs QDs [12] [13] [14] . In the case of InAs QDs, this is interpreted as follows: as the temperature is increased, the surface migration of In atoms is enhanced and the distance between In atoms which have gathered to form a single dot is increased, resulting in larger dots with lower densities. A reduction in the growth rate shows the same tendency that is shown by an increase in the temperature. Our results indicate that the same mechanism has worked for our InAlAs QDs. We note here, the interdiffusion of In-Ga which increases with temperature can be present in our growth as in InAs on GaAs [15, 16] . As shown in Fig. 2(a) , a QD density of 1  10 10 cm -2 is obtained with a high T s = 520°C and a low growth rate of 0.0125 ML/s Fig. 3 approx. here Figure 3 shows the photoluminescence (PL) spectra from QD ensemble at 10 K excited by 488 nm radiation from Ar laser. The small peak around 830 nm is due to the GaAs substrate. The main peak is near 750 nm, which is optimum for the single dot spectroscopy. The full width at half maximum (FWHM) is 163.6 meV, which is much wider than 30-40 meV of our typical InAs QDs [17] . Fig. 4 approx. here Figure 4 shows the effects of the coverage on the density and size of a QD. Neither the diameter nor the density changed as the coverage was increased above θ/θ 3D = 1.1. However, the height increased as the coverage was increased. In the case of InAs QDs, it has been reported that the height was saturated as the coverage was increased. For comparison, we grew InAs/GaAs QDs and InAlAs/AlGaAs QDs under the same conditions (growth rate：0.05ML/s， T s ： 480°C，θ/θ 3D ：1.3). Figure 5 shows the result of AFM measurements. Giant dots with a volume much larger than the QDs are seen in InAs as shown in Fig. 5(a) . These giant dots are hardly seen in InAlAs despite the higher density and the shorter distances between dots. This suggests that an increase in the coverage is spent for an increase in height in InAlAs, and it is spent for the formation of giant dots in InAs. Fig. 6 approx. here Figure 6 shows the relation between the substrate temperature and the 2D-3D transition time, t 3D , which is defined by the transition of the RHEED pattern from streaky to spotty. The t 3D increases as the substrate temperature, T s increases, and this tendency is enhanced as the growth rate decreases. Let us discuss this in terms of In re-evaporation which decreases the coverage and increases the Al content of InAlAs, both resulting in increased t 3D.
Effect of coverage on density and size of QDs

Dependence of 2D-3D transition time on growth conditions
We included the effects of In re-evaporation by assuming the InAs growth rate, G R InAs in the following form.
Here, F is the flux of In atoms, E b is the activation energy of In re-evaporation, and A is a proportionality constant. The coefficient A on the right hand side of eq.1 includes the effect of the growth rate difference. The ratio of flux loss due to re-evaporation is inversely proportional to the flux as seen in the last formula of eq.1.
Fig. 7 approx. here
The temperature dependence of the growth rate of InAs has already been reported [18] . By numerical fitting we deduced A=1.9x10 11 ML/s and E b =2.25 eV. We neglected the possibility of Al re-evaporation because of the high Al-As bonding energy. Figure 7 shows the 2D-3D transition thickness of InAlAs thus obtained as a function of Al mole fraction, x of In 1-x Al x As. Here the thickness was given by the t 3D multiplied by the growth rate of InAlAs (G R InAs +G R AlAs ) and x was given by G R AlAs /(G R InAs +G R AlAs ). Figure 7 compares our result with the data reported by Leon and co-workers [19] . The data that did not consider the re-evaporation is also shown by triangles, for comparison.
First, we note that our corrected result (circles) at 510°C fits closely with the 530°C curve by Leon. Second, the gradient of our corrected data is quite different from that of Leon's. These indicate that the T s dependence of t 3D in Fig. 6 can not be well-explained simply by the In re-evaporation and other mechanisms essentially dependent on T s is working such as In migration and In-Ga interdiffusion. This is in contrast with the report of InAs QD [18] in which the T s dependence of t 3D was explained by the re-evaporation.
We give some comments on the parameter θ/θ 3D, or more precisely (growth time of InAlAs)/ t 3D used in Fig. 2 . The above argument tells us that we cannot fix the coverage by fixing θ/θ 3D .
Therefore, discussing the dependence of QD density and diameter on T s and G R by fixing θ/θ 3D, appear meaningless. Nevertheless, we have obtained a reasonable dependence on T s and GR.
This is because the density and the diameter are saturated for θ/θ 3D = 1.3, as shown in Fig.4 .
Summary
We have investigated the effects of growth conditions on the size and density of self-assembled InAlAs QDs grown by MBE on the semi-insulating GaAs (001) substrates. It has been observed that the diameter increases and the density decreases with increasing substrate temperature or with decreasing growth rate. We acquired a dot density of 1  10 10 cm -2 for an optimized condition, which is compatible with single dot spectroscopy. We conclude that the change in the 2D-3D transition time is not simply explained by the In re-evaporation. 
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